The freshwater behaviors of juvenile alewives Alosa pseudoharengus and the variables affecting their survival to recruitment are relatively unknown, even though recruitment to marine populations is critical to sustaining and restoring populations. Fish were collected in fall 2009 from a large watershed (the Hudson River, New York; N = 10) and a small watershed (the Peconic River, New York; N = 14), otolith chemistry was used to associate the fish to groups, and growth rates were compared both within and between rivers. Otolith Sr:Ca and Ba:Ca were measured along growth transects, and significant changes in these values were determined. In many instances, changes in these values are associated with changes in daily otolith growth increments. More variation was observed in the Ba:Ca ratios and daily growth rates of Hudson River alewives, possibly because they had more available nursery habitats. While there was variation in otolith chemistry and daily growth within Peconic River fish, fewer otolith chemistry patterns were observed in this group. Comparison of cumulative daily growth rates between the two groups showed that Hudson River alewives were smaller at younger ages but that their growth rate increased and their size at age eventually surpassed that of the Peconic River alewives. The results presented here provide the foundation for future work investigating the abiotic and biotic variables influencing juvenile alewife growth, behavior, and survival in different-size watersheds.
The recruitment of river herring from nursery habitats to marine populations is critical, but little is understood about their early life stages: most work to date has focused on determining emigration timing and cues and quantifying the numbers of emigrating juvenile alewives (Kosa and Mather 2001; Yako et al. 2002; Gahagan et al. 2010) . Similarly, many studies have examined the growth rates of larval and juvenile fish to compare growth and recruitment among cohorts (e.g., Rutherford and Houde 1995; Limburg 1996 Limburg , 2001 Baltz et al. 1998; Murt and Juanes 2009) . A wide range of abiotic and biotic variables can affect juvenile growth and survival to recruitment, such as prey availability, predation risk, competition, and the availability of spatial refuges (Walters and Juanes 1993) .
338 TURNER AND LIMBURG
Otoliths can provide information about growth rates and past habitat usage in a wide range of fishes (Limburg 1995; Campana and Thorrold 2001; Begg et al. 2005; Elsdon et al. 2008) . Otoliths are distinct from other calcified structures in that they are continually accreted, grow proportionately to somatic length, and become chemically inert on formation (Campana 1999; Campana and Thorrold 2001; Elsdon et al. 2008) . The use of daily increments to age juvenile alewives was validated by Sismour (1994) by collecting eggs in the wild and rearing them in captivity. Additionally, otoliths can be used to identify past habitat occupancy because they take up some elements and isotopes in proportion to ambient water (Campana 1999) . A coastwide study of the closely related American shad A. sapidissima used otolith chemistry to assign juveniles of known origin to their natal watershed with high accuracy (80-100%; Walther and Thorrold 2008) . When a direct correlation between water and otolith chemistry has not been established, distinct patterns of otolith chemistry shifts within a population can suggest "contingents," or groups of fish with similar life history behaviors (Secor 1999; Daverat et al. 2006; Elsdon et al. 2008) . Comprehensive understanding of the spatial and temporal scale of variation in water chemistry is critical to studies aimed at correlating shifts in otolith chemistry with specific habitat usage (Elsdon et al. 2008) .
The use of otolith chemistry depends on the spatial variation in water chemistry signatures, which can be influenced by bedrock geology, geographic location, and terrestrial inputs. Strontium has often been used as an indicator of movement between marine and freshwater areas, as many inland waters have depleted Sr in comparison with the ocean (Limburg 1995) . In large watersheds with low soil and bedrock Sr:Ca ratios, low salt intrusion, and high flow, such as the Hudson River, New York, aqueous Sr:Ca values tend to show little spatiotemporal variation (Limburg and Siegel 2006) . Comprehension of smallscale habitat movements within a large watershed requires a good understanding of the spatial and temporal variability in trace elements other than strontium (e.g., Ba, Mn, Mg, and Pb) and possibly isotopes (e.g., 87/86 Sr, δ 18 O; Walther and Thorrold 2008) as well. In small, coastal catchments, tidal influence encompasses a much larger proportion of the watershed. However, if the geochemistry of freshwater above the head of tide is distinct from a marine signal, at a minimum it should be possible to detect freshwater residency and movement from freshwater into tidal estuarine and marine waters.
Previous work on American shad (Limburg 1995; Walther and Thorrold 2008) demonstrated that the ratios of strontium and barium to calcium in otoliths directly reflect environmental values. Shifts in these values thus imply movement to a new habitat or temporal changes in water signatures; therefore, individuals with similar chemistries in a given time period were probably in the same habitat. Juvenile American shad captured in the lower Hudson River estuary had increasing Sr:Ca values, which corresponds to movement from freshwater to higher-salinity environments (Limburg 1995) .
Movement among different nursery areas is a key strategy used by juvenile fish to increase growth (i.e., utilize higher quality or quantity food sources) as well as the probability of survival to recruitment (i.e., to decrease predation risk). By combining the use of otolith chemistry with daily otolith growth rates, we can examine whether there is a direct relationship between movements (inferred from changes in otolith chemistry) and changes in daily growth and whether movement patterns differ in large and small watersheds. We tested the two hypotheses that (1) there is a relationship between juvenile alewife movements among nursery habitats and changes in growth rates and (2) juvenile alewives in large watersheds make more frequent, smaller-scale movements within the system than do those in small watersheds.
METHODS
Study sites.-The Hudson River watershed (Figure 1) , with a drainage basin of 34,000 km 2 , has a tidal estuary that extends more than 250 km and is fed by over 79 tributaries (Levinton and Waldman 2006 Within 3 months of collection, the total length (TL) of all fish was measured to the nearest millimeter; shrinkage was minimal, so lengths were not corrected. Both sagittal otoliths were removed, cleaned, dried, and sectioned in the sagittal plane by gluing them (Loc-Tite) to a 1-cm square coverslip, sulcus side down, and polished to the core. One otolith was chosen at random to be photographed for aging and microchemical analysis.
Otolith and water chemistry.-The elemental concentrations of Ca, Sr, and Ba were quantified with laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS) using a PerkinElmer DRC-e ICPMS together with a UP-193 laser ablation system (Electro Scientific Industries). Strontium and barium were chosen because it has been well documented that otolith Sr:Ca and Ba:Ca are environmentally derived and highly correlated with the corresponding water values (Bath et al. 2000) . For our analyses, we used a 35-μm beam size at a speed of 3 μm/s; the precisions of Ca, Sr, and Ba for NIST 610 glass were 19% (range, 6.2-56.1%), 22.7% (range, 5.9-50.1%), and 21.8% (range, 5.5-57.7%), respectively. Transects were made by running the beam from the core to the outer posterior edge (Figure 2 ). Data were converted to concentrations using a known-concentration, solid standard of pulverized otoliths pressed into a pellet (Limburg et al. 2011 ). Barium and strontium are presented in relation to calcium because they substitute readily for aragonitic calcium (Campana 1999) . A five-point moving average was used to smooth the raw data.
Water samples collected in 2009 from freshwater locations throughout the Hudson River (excluding the Mohawk River, which alewives do not utilize) as well as the freshwater region FIGURE 2. Photograph of a prepared otolith displaying laser ablation trenches from inductively coupled plasma mass spectrometry. The overlaid graph depicts the Sr:Ca ratios (weight basis) from the core to the outer edge. of the Peconic River; both had average Sr:Ca values between 0.004 and 0.005 (by mass). The Ba:Ca values for Hudson River samples averaged between 0.001 and 0.005, while those for the Peconic River, collected just below the head of tide, ranged widely (from approximately 0.004 to 0.025) because of seawater intrusion up the estuary. Marine Sr:Ca was reported as 9.23 × 10 3 (Odum 1951) , and Ba is negligible (Limburg and Siegel 2006) . Preliminary multivariate analyses of water chemistry showed some separation among sampling locations (especially watersheds), but as not all elemental and isotopic values have been quantified for otoliths, the alewives were not assigned to specific locations for this study.
A regime shift detection algorithm was used to identify significant changes in values using a sequential F-test, while excluding outliers (Rodionov 2004) . When more than one consecutive point differed significantly (based on the variance of the data set and the P-value used), it was deemed a "shift" and a new moving average was applied (Rodionov 2004) . The resulting data are mean values for each "regime" based on the smoothed otolith chemistry.
The mean number of shifts in the Sr:Ca and Ba:Ca ratios were quantified to determine whether juvenile alewives in the Hudson River had significantly more changes in otolith chemistry. A significant difference in the number of changes of elemental ratios would imply a greater number of movements among locations. Significance was determined using a onetailed Mann-Whitney-Wilcoxon test, which does not assume a normal distribution.
Growth rates.-Juvenile alewives aged 80-130 d were selected from our 2009 Hudson River and Peconic River collections. Each otolith was photographed at 200 × magnification using a Nikon DS-Fi1 camera attached to an Olympus BH-2 compound microscope and NIS-Elements D imaging software (Nikon 1991 (Nikon -2010 . The distance between daily rings was measured from the core to the most distal posterior edge using the Figi image processing package (Rasband 1997 (Rasband -2011 . Figi was also used to measure the distance from the core to the most distal posterior edge of 56 otoliths, including the 24 used for this study. The natural log of this measurement was plotted against fish TL to determine whether there was a correlation between the two. A strong correlation (R 2 = 0.80) was found for the relationship TL (mm) = 0.01 × log e (otolith posterior radius [μm]) + 5.74, and thus we could use this relationship to infer somatic growth from otolith size. Daily otolith growth increments were quantified for the same alewives used for the chemical analyses. Mean daily otolith growth rates for each group were calculated over 20-d periods (i.e., days 1-20, 21-40, 41-60, 61-80, and 80 + ) . Repeated-measures analysis of variance (ANOVA) was used to test for significant effects of time and river over time.
For this study, the chemical composition and daily growth rates as measured in sagittal otoliths were determined for 14 FIGURE 3. Otolith chemistry and daily otolith growth increments for four alewives collected in the Hudson River. Panel (A) depicts daily growth (right-hand y-axis) versus the Sr:Ca ratio (left-hand y-axis); panel (B) depicts daily growth versus the Ba:Ca ratio. In both graphs, the elemental ratio transects were smoothed with 5-point moving averages and regime shift analysis (Rodionov 2004 ) was applied to detect significant shifts away from the trends in the preceding data points. juvenile alewives collected from the Peconic River and 10 fish collected from the Hudson River. These samples are a subset from a larger project and were chosen to test our hypotheses because they were close in age (80-130 d) at the time of collection. Despite the small sample sizes used for this study, the results are consistent with those observed in other alewives collected from these rivers.
RESULTS

Otolith Chemistry and Inferred Habitat Switching
Little to no change was observed in the Sr:Ca ratios of the otoliths from Hudson River alewives ( Figure 3A) . The values did vary, but over a small range relative to that observed in the otoliths of juvenile Peconic alewives (raw values: Figure 3B ).
Distinct otolith chemistry patterns were observed in the Peconic River alewives (Figure 4) . One pattern was characterized by constant, low Sr:Ca ratios but variable Ba:Ca ratios, which is suggestive of movement within the river (Figure 4 , upper panels). Another manifested itself as a rapid shift to higher Sr:Ca ratios around age 40 d, with a corresponding rapid spike in Ba:Ca ratios followed by low Ba:Ca ratios, which is suggestive of emigration to sea (Figure 4 , middle panels). A third showed moderately constant, elevated Sr:Ca and low Ba:Ca ratios, such as might be encountered in marine or strongly brackish waters (Figure 4 , lower panels). The Sr:Ca ratios varied over a large scale both within and among individual otoliths (raw values: 0.94-20.31 × 10 3 ; smoothed regime shift values: 2.07-11.79 × 10 3 ; Figure 4A ). The Ba:Ca ratios also varied over a wide range within and among individuals (raw values: 0.001-0.166 × 10 3 ; smoothed regime shift values: 0.002-0.135 × 10 3 ; Figure 4B ).
The mean number of shifts in each elemental ratio was quantified for both groups (Table 1 ). The number of Sr:Ca shifts in the Hudson River was not significantly greater than that in the Peconic River (Mann-Whitney-Wilcoxon test; P = 0.67). There were significantly more Ba:Ca shifts in the Hudson River (Mann-Whitney-Wilcoxon test; P = 0.024). 
Growth Rates
In Hudson River fish (Figure 3 ), early increments were very close together (generally <4 μm apart, i.e., growth was slow), became wider after 20 d (>7 μm apart, i.e., growth increased), remained higher than during the first 20 d, and eventually decreased in the period corresponding to cooler autumn temperatures ( Figure 3 ; Table 2 ). In contrast, the earliest growth increments in Peconic River alewives were >1 μm larger that those of Hudson River fish ( Figure 4 ; Table 2 ). Growth began to increase near day 20, from approximately 2-7 μm to approximately 7-12 μm, and decreased at approximately day 80 to below 7 μm (Table 2) .
There were significant effects (P < 0.006) of time and river system × time among 20-d periods, in which Hudson River fish first exhibited slower growth (days 1-20) but eventually exhibited more rapid growth (>age 60 d; Table 2 ). The average cumulative daily growth rates based on otolith increments for both the Hudson and Peconic River samples were plotted from day 30 to day 80 ( Figure 5 ). Whereas the otoliths of Hudson River juveniles were smaller than those of Peconic River fish up to age 50 d, at 50 d growth rates began to differ and from ages 
DISCUSSION
We observed significant differences in alewife growth and otolith chemistry between the Hudson and Peconic River watersheds that differed by over two orders of magnitude.
Otolith Chemistry
The Sr:Ca values observed in both groups of fish examined are generally within the ranges expected based on previous studies (Limburg 1995; Morrison et al. 2003; Walther and Thorrold 2008) and the chemistry of the water samples. Within the Hudson River, use of these data alone is insufficient to identify fine-scale habitat movements. In the Peconic River, Sr:Ca values vary much more over a small spatial scale, which makes sense because adult fish can pass above the head of tide to spawn and juveniles were collected below the head of tide. Alewives may remain in riverine habitats, emigrating during late summer and FIGURE 5. Mean cumulative daily otolith growth from day 30 to day 80 for alewives collected from the Peconic and Hudson rivers. The error bars represent SEs. The fish from the Hudson River were smaller initially, but their growth rate then increased and between days 45 and 50 they were larger at age than the Peconic River fish. early fall (Fay et al. 1983) . It was unexpected to find that significant portions of the otoliths of some of Peconic River alewives had Sr:Ca values consistent with marine values (Figure 4A ), which suggests egress to the Atlantic Ocean followed by reentry into the estuary. Indeed, some fish captured in the Peconic estuary appear not to have experienced freshwater at all (see Figure 4 , bottom panels); one of us has observed elevated Sr:Ca values, corresponding to nursery habitat use, in adult alewives caught in the Bronx River, a tributary to Long Island Sound (Limburg, unpublished data) .
Although the number of shifts in Sr:Ca values were not significantly different, the Sr:Ca ranges were much larger in the otoliths of Peconic River alewives (0.94-20.31 × 10 3 versus 0.94-2.83 × 10
3 ). The fluctuations in the Peconic River were likely driven by the large range of salinities experienced over a small spatial scale (Limburg 1995; Bath et al. 2000) , while the fluctuations in the Hudson River could result from temporal variations in temperature, precipitation, and other abiotic variables (Bath et al. 2000) . The magnitude of the shifts was also influenced by collection location. The alewives from the Peconic River were collected <2 km from the ocean, while those from the Hudson River were captured 92 km from the ocean; juvenile alewife behavior in the extreme lower reaches of the Hudson River has not been examined.
The Ba:Ca ratios in both water and otoliths vary enough to infer movement (or at least contingents) within both the Hudson and Peconic rivers. In the Hudson River, this, in combination with the other elements and isotopes quantified, will enable identification of movement among major habitat types (e.g., tributaries or the upper or lower portions of the river). In the Peconic River, these variations provide further evidence that juveniles display distinct movement patterns because marine habitats have substantially lower Ba:Ca ratios (Limburg and Siegel 2006) . The number of shifts in Ba:Ca ratios were significantly higher in the Hudson River. This is likely the result of the many tributaries and microhabitats within the Hudson River, although temporal changes could also produce the changes observed.
Growth Rates
A wide range of factors can affect the rate at which juvenile fish grow, such as density, water temperature, and food quality and quantity (Campana 1996; Limburg 1996; Baltz et al. 1998; Jordan et al. 2000; Beamish and Mahnken 2001) . Although individuals within the groups presented here displayed variation in daily growth, the overall trends in each group were distinct. Hudson River fish were smaller at younger ages, but their growth increased between 45 and 55 d, eventually resulting in greater length at age ( Figure 5 ; Table 2 ). A wide range of environmental factors, especially temperature (and for Peconic River fish, emigration from the natal river), could have influenced the differences in growth.
Relationship between Chemistry and Growth
A relationship exists between growth and changes in otolith chemistry. In Peconic River alewives, chemistries generally shifted between days 20 and 40, and growth increases in this time range as well. In the Hudson River, these shifts do not appear to occur during a specific age range, but shifts in Ba:Ca ratios correspond roughly with changes in daily growth. The movement patterns appear to differ considerably in the Hudson and Peconic rivers based on the magnitude of the shifts in chemical signatures. If barium is used as a proxy for habitat, Hudson River alewives display much more variation in movements, likely due to the larger number of nurseries available (we were unable to use water signals to distinguish among sampling sites within the Hudson River). Conversely, Peconic River alewives display a few very distinct otolith chemistry patterns, potentially forming contingents (Secor 1999) .
In the Northeast, juvenile alosines generally move downriver through the summer and emigrate to marine waters before their natal systems become too cold for overwinter survival (Limburg 1995; Kosa and Mather 2001; Yako et al. 2002; Gahagan et al. 2010) . Such distinct behaviors in Peconic River juveniles were marked. Based on otolith chemistry, some fish spent the majority of their life in freshwater, while others moved within the lower tidal portion of the river and still others spent significant periods in full-strength seawater but returned to the estuary where they were caught.
Walters and Juanes (1993) discuss some potential biotic influences on the feeding behaviors of juvenile fish that could produce the differences seen within and between Hudson and Peconic River alewives. Food availability for juvenile alewives in the Hudson River could have decreased as a result of the invasion by zebra mussels Dreissena polymorpha (Strayer et al. 2004) , although the population density, survivorship, and average body size of zebra mussels have decreased significantly since their initial invasion (Strayer et al. 2011 ) and the juvenile body lengths of Alosa spp. have increased since the 1990s (Limburg, unpublished observations) . Decreased food quality, due to anthropogenic alterations (e.g., pollution and dams) in the Peconic River could influence growth and movements. Predation could influence the amount of time spent foraging in either watershed as well. Essentially, food availability and predatory risk are major biotic drivers of growth rate variation and movement to new nurseries. Reduced densities in the Peconic River may increase the food available for individuals, and this may be amplified if adults are spawning both above and below dams. It is likely that these biotic factors (Walters and Juanes 1993) , in conjunction with a wide range of abiotic variables (Kosa and Mather 2001) , influence early life history in both rivers. The insight into the variability of juvenile alewife growth and movement provided will offer a starting point for future research on the varied recruitment and survival of these fish.
Conclusion
The changes in juvenile growth rate and between-nursery movements appear to be interrelated, although our small sample sizes prevent our drawing strong conclusions at this point. However, these findings show the way forward with respect to further analysis. One finding is clear: the movements of juvenile alewives are far more complex than indicated by the classical paradigm of anadromy. This insight supports other recent findings of unexpectedly complex diadromous movements (e.g., Limburg et al. 2001; Daverat et al. 2006; Gahagan et al. 2012 , this special section).
